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One of the major problems in cold climate regions is ice accretion on
power network equipment, including cables, conductors, and insulators. In
addition to mechanical problems caused by the combined effects of ice and
wind, ice on insulators is at the origin of a loss in electrical insulating
strength, sometimes resulting in flashover faults and consequent power
outages. A number of studies have been carried out in several laboratories
over the past 30 years and particularly at UQAC over the past 25 years.
These studies deal with many aspects of atmospheric icing, including the
field observation of ice accretion, laboratory experiments on the electrical
performance of insulators under ice or snow conditions, as well as
fundamental studies on flashover of ice-covered insulators. Among the
many realizations at UQAC, a mathematical model has been developed for
predicting the flashover voltage of ice-covered insulators. However, due to
the complex laboratory conditions required, this model has not been
validated for engineering application to long ice-covered EHV insulators.
The overall objective of this Master's thesis is to study the flashover
phenomenon on full-scale, ice-covered EHV insulators, in order to improve
the existing mathematical model for predicting the minimum flashover
voltage such insulators. This study contributes to the understanding of the
flashover phenomenon on ice-covered EHV insulators and presents a
powerful tool for the design of outdoor insulators in cold climate regions.
Three units of standard shape post insulators, similar to those typically
used in Hydro-Quebec 735 kV substations, were submitted to laboratory
investigation on the electrical performance of EHV insulators under icing
conditions. A series of tests were carried out for 2 different applied water
conductivities and 5 dry arcing distances, to determine the relationship
between the minimum flashover voltage of ice-covered insulators and the
insulator length, up to full scale. It was found that VWs increases in a
slightly non-linear manner with an increase in insulator dry-arcing distance.
Further, VMF of a 2 m insulator arcing distance was 195 kV^ for the
melting regime and 190 kVrms icing regime, for an applied water
conductivity of 30 |iS/cm and an ice thickness of 15 mm, as measured on a
rotating monitoring cylinder. These voltages are about 7 % and 9 % lower
than the service voltage of the insulators, respectively. Based on these
results and using multi-arcing model, an improved mathematical model
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was proposed for predicting the minimum flashover voltage of EHV
insulators under icing conditions. There is good concordance between
experimental results and those calculated from the improved model.
Finally, based on the study presented in this thesis, several
recommendations for further research interests are proposed.
IV
Résumé
L'accumulation de glace sur les équipements des réseaux électriques,
incluant câbles, conducteurs et isolateurs, représente l'un des problèmes
majeurs rencontrés dans les régions au climat froid. En plus des problèmes
mécaniques causés par les effets combinés de la glace et du vent, la glace
sur les isolateurs est à l'origine d'une perte de facteur d'isolation, ce qui
occasionne parfois des contournements et conséquemment, des pannes
d'électricité. Bon nombre d'études en laboratoire se sont penchées sur cette
problématique depuis une trentaine d'années, et particulièrement à l'UQAC
depuis 25 ans. Ces études se concentrent sur plusieurs aspects du givrage
atmosphérique, incluant l'observation de l'accumulation de glace dans des
sites naturels, des expériences en laboratoire sur la performance électrique
des isolateurs dans des conditions de glace et de neige, ainsi que des études
fondamentales du contournement des isolateurs recouverts de glace. Parmi
les progrès réalisés à l'UQAC, un modèle mathématique a été développé
afin de prédire la tension de contournement des isolateurs recouverts de
glace. Toutefois, en raison de la complexité des infrastructures requises, le
modèle n'a pu être validé pour des applications d'ingénierie sur de longs
isolateurs extra-haute-tension recouverts de glace.
L'objectif principal de cette recherche, dans le cadre d'études de 2e cycle,
est celui d'étudier le phénomène du contournement sur des isolateurs extra-
haute-tension recouverts de glace, afin d'améliorer le modèle
mathématique existant, qui permettra de prédire la tension de
contournement minimale de tels isolateurs. Cette étude contribuera à une
meilleure compréhension du phénomène du contournement des isolateurs
extra-haute-tension recouverts de glace et le modèle sera un outil
indispensable pour la conception d'isolateurs pour usage extérieur dans les
régions froides. Trois unités d'isolateurs de poste de forme standard, tels
que ceux utilisés dans les poste à 735 kV d'Hydro-Québec, ont été soumis
à des tests en laboratoire afin d'en déterminer la performance électrique
dans des conditions de givrage. Une série de tests a été effectuée à 2
niveaux différents de conductivité d'eau d'accumulation et 5 distances
d'arc, afin de déterminer la relation entre la tension de contournement
minimale des isolateurs recouverts de glace et la longueur des isolateurs,
Vjusqu'à pleine échelle. Il a été déterminé que la VWs (tension de tenue
maximale) augmente de façon légèrement non linéaire avec l'augmentation
de la longueur d'arc. Aussi, la VMF (tension de contournement minimale)
pour une distance d'arc de 2 m s'établit à 195 kVrms en régime de fonte et à
190 kVrms en régime de givrage, pour une conductivité d'eau
d'accumulation de 30 fiS/cm et une épaisseur de glace de of 15 mm, telle
que mesurée sur un cylindre témoin en rotation. Ces niveaux de tension
sont approximativement 7 % et 9 % plus bas que la tension de service des
isolateurs, respectivement. D'après ces résultats et en utilisant un modèle à
arcs multiples, un modèle mathématique amélioré a été proposé pour la
prédiction de la tension de contournement minimale des isolateurs extra-
haute-tension dans des conditions de givrage. Il y a bonne concordance
entre les résultats des expériences en laboratoire et ceux de modèle
amélioré.
Finalement, en se basant sur l'étude présentée dans ce mémoire, plusieurs
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With industrial development, electric power supply is becoming more and more
important in modern societies. Due to the continuous increase of the need for electricity,
long distance power transmission lines and high voltage substations have been widely used
in power networks. The safe operation of power systems depends on many factors, one of
which being the insulating components, in particular various types of insulators, which play
an increasingly important role. Most insulators are used outdoors, on high voltage overhead
transmission lines and in substations, and are required to withstand extreme changes in
environmental conditions.
1.2 Problem definition
In cold climate regions, one of the major problems for power systems is atmospheric
icing. The ice accumulated on power transmission lines and devices, due to freezing rain or
drizzle, in-cloud icing, icing fog, wet snow, or frost may lead to mechanical damages
and/or electrical faults, sometimes resulting in power failures and the consequent troubles
to community services and daily life. Power outages caused by ice and snow accretion have
been reported by many authors in various countries such as Canada [37], the United States
[4], Japan [30] [46], Norway [26], China [55], and England [29].
Major parts of Canada are located in cold climate regions. The most serious power
failure in Canadian history occurred in January 1998, when an uncommon ice storm hit
parts of southern and western Quebec, eastern Ontario and part of the Atlantic Provinces.
Over the period of January 5-9, about 100 mm of freezing rain fell on these regions. Ice
accretion resulted in the collapse of more than 1,000 towers (including 735 kV power
transmission lines), and 30,000 wooden poles. Close to 1.4 million people in Quebec and
230,000 in Ontario were without power for several days. One month after the ice storm,
700,000 people were still without electricity. The direct economic loss for a single power
company, Hydro-Quebec, was approximately one billion Canadian dollars [37].
In addition to the mechanical damages, the ice accreted on insulators can decrease their
insulating strength considerably and may, on occasion, result in flashover faults. Some
power outages related to this phenomenon have also been reported in several countries [25]
[54] subjected to northern climatic conditions. In Canada, a typical example occurred
March 9-10, 1986, within the Ontario Hydro network. Due to freezing rain and fog, the
surface of the insulators accumulated ice and short icicles, which resulted in 57 successive
flashovers, resulting in the breakdown of the most part of the 500 kV transmission systems
in southern Ontario [31] . Again, other flashover incidents took place on April 18, 1988, at
the Arnaud substation in the Hydro-Quebec network. A series of six flashovers, caused by
insulators covered with wet snow, resulted in a major power interruption for a large part of
the province [38].
Flashover phenomena on ice-covered insulators have attracted a great deal of attention
from many researchers and a large number of studies have been carried out in several
laboratories on the subject [5] [6] [14] [26] [30] [33] [56] [55] [57]. Normally, experimental
or in-the-field investigation is costly and time-consuming. Therefore, many attempts have
been made individually or by research groups to establish mathematical models for
predicting the flashover voltage of ice-covered insulators [19] [21] [23]. As a result, such a
model was developed at CIGELE and has been successfully applied to insulators of up to 1
m in length [23]. However, despite these efforts, many aspects of the flashover phenomena
on ice-covered insulators, particularly on EHV insulators, are still not well understood.
Also, because of the limiting conditions of laboratories, experimental results for the
flashover voltage of full scale EHV insulators under icing conditions are scarce. This
situation makes it difficult to apply this model to long ice-covered insulators for
engineering purposes. Therefore, further studies are needed to further advance knowledge
on this phenomenon and the mathematical model needs to be improved for application to
long insulators under icing conditions.
1.3 Research objectives
The overall objectives of this thesis are to study flashover on long insulators and to
improve the existing mathematical model for predicting the critical flashover voltage of
full-scale EHV insulators. The specific objectives are:
• Observation of the flashover process on ice-covered EHV post insulators, with a
dry-arcing distance of up to 4.17 m, corresponding to that of full-scale insulators
used in 735 kV substations.
• Comparison of two experimental methods developed at CIGELE for evaluating
the flashover performance of ice-covered insulators. One suitable method will
be chosen to determine the minimum flashover voltage of ice-covered insulators
in this study.
• Investigation of the flashover performance of full-scale EHV insulators under
icing conditions. The relation between the minimum flashover voltage of ice-
covered insulators and the insulator dry-arcing distance will be determined.
• Improvement of the mathematical model. The existing model will be compared
to the experimental results, and the necessary improvements will be made for
application to EHV insulators, based on experimental results and those of
previous studies.
1.4 Methodology
In order to achieve the objectives of this study, a series of laboratory experiments
were carried out in one of the CIGELE climate rooms. The results were subjected to both
theoretical and mathematical analyses. The main methods used in this study may be
summarized as follows:
• Using the facilities at CIGELE, an ice layer, with a thickness of 15 mm
measured on the rotating monitoring cylinder, was formed on standard porcelain
post-type insulators.
• Using a set of AC high voltage sources and a data acquisition system, the
minimum flashover voltage of the insulators was determined under icing
conditions, by means of an "icing regime" method, for 5 dry-arcing distances
varying from 1.39 m to 4.17 m, and 2 different applied water conductivities.
• Using regression analysis, the relationship between the minimum flashover
voltage of ice-covered insulators and the dry-arcing distance was determined.
• Based on the experimental results, the existing mathematical model was
improved by modifying the arc re-ignition constants and taking into
consideration the multi-arc effect.
• A program was written in MATLAB for predicting the flashover voltage of ice-
covered EHV insulators. A user interface was created for easy calculation and
engineering applications.
1.5 Statement of originality
By means of the test facilities at CIGELE and the test methods developed in previous
studies, the flashover performance of EHV post insulators, typically used in Hydro-Quebec
735 kV power substations, was investigated under icing conditions. The observation and
analysis to the test process and results contributed to the advancement of knowledge of the
flashover phenomena on long insulators covered with ice.
Based on the results, the mathematical model for predicting the flashover voltage of
ice-covered EHV insulators was improved. This model is a powerful tool for the design of
outdoor insulators for use in cold climate regions.
1.6 Organization of the Thesis
This thesis is divided into six chapters, beginning with a basic statement and literature
available on the subject, and makes it possible for the reader to follow the test principles
and modeling process, as well as their results.
The present chapter is an overall introduction for this Masters' thesis. In this chapter,
the problem, research objectives, methods used, and main contributions of this study are
briefly described.
In the second chapter, some related fundamental theories on the electrical breakdown in
air gaps and flashover on polluted or ice-covered surfaces are presented, particularly for
flashover of ice-covered insulators, including the ice accretion process and affecting
parameters, arc propagation, and flashover mechanisms. Then, a review of literature
follows, which summarizes the results of previous studies related to the subject of this
thesis from two aspects: experimental results and mathematical model for flashover on ice-
covered insulators. These reviews will help the reader understand the choice of
experimental parameters and the improvement of the existing model in this study.
In relation with the objectives introduced and parameters selected, the facilities were
chosen and are presented in Chapter 3. The facilities used in the study, such as (i) cooling
system, (ii) wind generating system, (iii) water spray system; (iv) high voltage system, and
(v) measuring system are explained. Then, the two methods for evaluating the flashover
performance of ice-covered insulators, that is the "icing regime" and "melting regime"
methods are detailed.
The experimental results are presented in Chapter 4. First, the effects of the test
methods on the evaluating results are investigated. Selecting a suitable method, the
flashover performance of EHV standard porcelain post insulators was tested and the
relationship between the minimum flashover voltage and the insulator dry-arcing distance
was determined. At the end of this chapter, the results are discussed.
Chapter 5 focuses on the modeling of the flashover of ice-covered insulators. Based on
the experimental results, the reasons behind the error in application of the existing
mathematical model to long insulators are first analyzed and the necessary improvements
are proposed. A MATLAB program and the corresponding user interface are also presented
in this chapter. The calculated results are validated by the experimental results and a good
concordance between them is obtained.
Finally, in Chapter 6, some general conclusions are summarized from analyses and
discussions of the results reported in the previous chapters. In addition, some







Atmospheric ice accretion on power transmission lines has been studied by researchers
worldwide for many years [5] [6] [14] [26] [30] [33] [55] [61]. It has also been studied for
over 25 years at the Research Group on Atmospheric Environment Engineering (GRIEA)
and the later-created NSERC/Hydro-Quebec/UQAC Chair on Atmospheric Icing of Power
Network Equipment (CIGELE) in the University of Quebec in Chicoutimi (UQAC) [51]. A
large number of creditable publications have been released and several review papers have
been completed by Farzaneh et al [13] [23].
In order to better understand the mechanisms underlying flashover on ice-covered
insulators, as well as the background of this study, a review of the literature on related
topics is presented in this chapter, including the physics of discharge, and corona initiation
and development in air gaps.
Flashover on ice-covered insulators is similar to that on polluted insulators and ice may
be considered a special type of pollution [23]. A mathematical model similar to that used
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for flashover on polluted insulators has been developed for ice-covered insulators [19] [23]
[27]. Therefore, a brief review on the flashover and arc modeling on polluted insulators is
also made in this chapter.
Finally, some fundamental studies on the mechanisms underlying the flashover on ice-
covered insulators, the parameters affecting the performance of ice-covered insulators, and
the mathematical modeling of arc on iced surfaces are reviewed.
2.2 Discharge in air gaps
The flashover on ice surfaces is a kind of surface discharge along the interface of air
and ice surface. It is actually a breakdown of air, particularly during the formation of local
arcs along air gaps. Therefore, the theory of electrical discharges in air is helpful for
understanding this phenomenon. This process can be described as follow [28]:
2.2.1 Primary avalanche initiation
Ice accretion along an insulator is not uniform because of ice shedding or discharge
activities. Normally, parts of insulator remain ice-free, and, hereafter, these zones will be
called air gaps. The heating effect of leakage current or sunshine leads to the creation of a
water film on the ice surface, which has a relatively high conductivity. This highly
conductive water film will result in that most of the applied voltage will drop along air gaps
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and produce a relatively high electric field in these zones. When the electric field is strong
enough; corona inception occurs.
In fact, a few electrons are always present in the air gaps, by means of UV radiation
from the sun, for one. If at least one electron falls within the critical volume (Fig. 2.1),
where the electric field strength (E) is higher than the critical strength of air (Ec)s electron
avalanches, which are called "primary avalanches", will be created by electron collision.
. x
T
Fig.2.1 Critical volume in a positive discharge sequence [28]
This critical volume is defined by two conditions [28] :
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• The electric field must be strong enough (E>EC) and the electrons must be placed in
the region where a-n>0 (a and n represent the ionization and attachment
coefficients of the gas, respectively)
" The avalanche triggered by the germ electron must develop over a sufficient
distance in order to generate a streamer
In the critical volume, electrons will be accelerated by the electric field. They will
ionize neutral particles by collision. Newly created electrons are subjected to the same field
and also ionize other neutral particles, and so on. Then, an electron avalanche, which is
developed from the movement of the germ electrons towards the anode, is produced. The
quasi-stationary positive ions will remain behind it. The mobility of the electrons is
approximately one hundred to one thousand times higher than that of ions. The high density
created space charge will distort the applied electric field.
2.2.2 Secondary avalanches and first corona
The head of the primary avalanche is the origin of the emission of photons, due to
combination or attachment of charged particles. The primary avalanche reaches the anode
and the photons are absorbed by surrounding gas. Depending on the energy of photons,
they may produce other electrons. If the electron produced is located in the vicinity of the
primary avalanches, it will create a new avalanche, called "secondary avalanche",
according to the same mechanisms as previously mentioned.
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The secondary avalanche will travel directly towards the tail of the primary avalanche.
The presence of residual positive ions brings some local changes to the electric field and
gives rise to a "hair" of luminous filaments of conical form escaping from electrodes that
called "streamer". It is the first visible luminous demonstration close to the high voltage
electrode.
2.2.3 Dark Period
In attend of a divergent electric field, the first corona effect can be followed by one or
more periods, between which other corona effects are intercalated. Because no ionizing
activity can take place during this period, it is called "dark period", in which the field is
reduced below Ec by the space charge injected by the first corona. Indeed, the latter tends to
choke the phenomenon, whereas the geometrical field increases more or less quickly
according to the applied voltage shape. With the diffusion of space charge, the field will
increase again up to Ec, according to applied voltage, and the dark period ends with the
apparition of a new corona.
2.2.4 Leader
Increasing the applied voltage, the secondary avalanches intensify and the vicinity of the
high voltage electrode becomes a zone where the density of the streamer is very high. The
mechanism of the corona to spark transition must involve heating of the air to a sufficient
temperature for thermal ionization of the gas. Although each streamer is individually cold
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and "less conducted", their concentration will cause a local heating and an increase in
temperature, which leads to the detachment of the electrons, i.e., thermal ionization of air.
This will increase the conductivity in the discharge channel and form the leader (Fig. 2.2).
Positive tcadcr
- - • •
Positive corona
Fig.2.2 Streamer-leader schematic representation [28]
The leader contains a few negative ions and constitutes plasma of electrons and positive
ions. The major part of potential of the HV rod is transferred to the end of the leader, so
new coronas are able to start. These coronas have the same characteristics as the first
corona and will lead to leader extension.
The ability of leader propagation through the gap depends on the field around the head
and in the streamer zone in front of it. As the leader propagates, its head moves through the
17
gap space, together with the point of inception of new streamers and with streamer zone
boundary. The earlier streamers and their space charge do not move forward. As a result,
the elongating leader enters the charge-filled space.
2.2.5 Final jump
The leader continues its propagation and the streamer coronas can reach the other
electrode. The leader accelerates immediately after the streamer contact. The current rises
suddenly and breakdown takes place [28].
2.3 Flashover on polluted surfaces
2.3.1 General description
Generally, the surface of insulators is covered with a layer of pollutants, which is
accumulated since installation or the last cleaning operation. In some zones, the deposited
layer will decrease dramatically the insulating strength of insulators and, under certain
environmental conditions; result in flashover faults. These zones include either areas of
high industrial density or the suburbs of large cities, installations near the sea, or exposed to
strong winds coming from the sea, or close to deserts where the insulators are exposed to
the strong winds transporting sand and salt.
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Normally, the dry contamination layer does not endanger the power system operation.
However, when the contamination layer is wetted due to condensation, frost, drizzle, fog,
or onshore gales, etc., its conductivity will decease dramatically. Sometimes this will cause
flashover faults. Generally, the flashover process on polluted insulators includes several
necessary steps as shown in Fig. 2.3, [34] [35].
Stepl
When the contamination layer is wetted, a leakage current flows through it, due to its
high conductivity. The value of leakage current depends on conductivity.
Step 2
The leakage current will heat the insulator surface and cause the surface temperature to
increase. Due to the shape of insulators, the current density on the surface is generally non-
uniform. In the areas of high current density, the heating effect of current is greater and a
local dry zone will appear in these areas.
Step 3
The local dry zone will lead to the constriction of current. Then, the dry zone has a




The resistivity of the dry band is much higher than that of the wet contamination layer.
The applied voltage will mostly drop along the dry band. If the voltage is high enough, the
air around the dry band will be broken down and a partial arc will appear across it.
Step 5
Depending on the conditions, the partial arc can evolve in two different ways: it may
die out, or move laterally to find a more stable position corresponding to a shorter arcing
distance.
Step 6
If the applied voltage is high enough, the partial arc will extend longitudinally until it
reaches the electrodes and causes a total fiashover. In this case, the arc propagates on the
surface of the electrolyte without the formation of a dry zone.
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Fig.2.3 Flashover process on polluted surface
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2.3.2 Modeling of arc on polluted insulators
Field and laboratory experimental studies are costly and time consuming, while
mathematical modeling is one of the most efficient methods. Many efforts have been made
to establish a mathematical model for predicting the flashover performance of polluted
insulators [52].
2.3.2.1 DC models
Obenaus is the first person who quantitatively analyzed flashover on polluted surfaces
[48]. The concept of his model is schematically given in Fig. 2.4, which consists of a local




Fig.2.4 Obenaus model of flashover on a polluted surface
For this physical model, the circuit equation is:
U=Ue+Uare+R(x).I (2.1)
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where, U is the applied voltage; Ue is the voltage drop on the electrode; R(x) is the residual
resistance of the pollution layer, and I is leakage current; Uarc is the voltage drop along the
arc column and it can be expressed as follows:
(2.2)
where x is the length of local arc; A and n are the arc constants.
Then the Obenaus equation is:
U=Ue+ Axrn +R(x).I (2.3)
As the leakage current I increases, U varies and yields a minimum value. This means that a
minimum voltage is necessary to sustain a partial arc burning on a polluted surface. If the
applied voltage is no longer adequate to sustain it, the arc will extinguish and flashover will
not occur. As the arc length x varies from 0 to the insulator length L, this minimum voltage
for sustaining the arc varies and yields a maximum value. This value corresponds to the
critical flashover voltage [52].
Considering a uniform residual polluted layer, Neumarker developed this model and
obtained [47]:
R(x) =rx (L-x) (2.4)
where L is the insulator length; rx is the resistance per unit residual leakage length. Then, he
calculated the critical flashover voltage of uniform-polluted insulator as:
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Wilkins [59] proved that the distribution of leakage current on a polluted surface is not
uniform, due to the current concentration at the arc root. For the case of a narrow strip, he
calculated the residual resistance with the following formula:
(2-6)
where L is the leakage distance of polluted insulator; x is the arc length; and w is the width
of the polluted strip.
Under DC conditions, the voltage drop on electrodes is 840 V [58]. For insulators with a
large diameter, some parallel arcs may appear simultaneously across the dry band. Then a
3Z
correction-coefficient, beff= , was considered for adaptation to the Obenaus model [9],
2N
where N is number of parallel arcs.
2.3.2.2 AC models
Under AC voltage, the current passes through zero twice in each cycle and,
consequently, the local arc will extinguish twice in each cycle, which renders complex the
mathematical model. Several researchers developed models based on experimental results.
Therefore, these models were summarized by Rizk [52] as experiment-based models.
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Hurley [36] based his model on an empirically established relationship between the
minimum voltage necessary to sustain an ac arc over a rod-rod gap of length x in series
with a series resistance Rp, as follows:
Ucx=const.x2/3RP1/3 (2.7)
An interesting point in this model is that the minimum flashover voltage Uc was found
to depend on both the leakage path L and the minimum arcing distance La of the insulator,
so that:
Uc=const.rp1 /3La2 /3L1 /3 (2.8)
AC arcs will re-ignite to a certain length from extinction in each half cycle when the
voltage across the gap is higher than the recovery dielectric strength of air. From this point,
Claverie and Procheron [6] [7] empirically determined the relationship between the
minimum arc re-ignition voltage and the arc current, as well as the arc length as follows:
They also suggested an approximate expression for the arc voltage at the ac current peak:
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Guan et al. investigated the propagation of an AC arc on a polluted surface using a
high-speed camera [33] and found that the arc develops only when it approaches the peak
value of the applied voltage. In order to complete the flashover, a criterion called the arc
recovery condition must be satisfied. They also experimentally determined the arc recovery
conditions on polluted surfaces as follows:
(2.11)
where k*, b* are constants; Vm is the applied voltage; and Im is the peak value of arc current
[52].
2.4 Flashover of ice-covered insulators
The flashover on ice-covered insulators is still one of the most challenging problems of
power systems in cold climate regions. This phenomenon has been investigated by many
researchers, and a large number of practical and theoretical studies have been carried out in
several laboratories. Reviews of these investigations were done in previous publications
[14][13] and recent papers by an IEEE taskforce [10].
2.4.1 Description of the flashover on ice-covered surfaces
The flashover on ice-covered insulators is not only an electrical process but also thermal and
electrochemical processes. The flashover process can generally be divided into 4 steps as follows [12]:
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Step 1 Deposition of ice layer
By a variety of conditions including hoar frost caused by condensation of vapor, in-
cloud icing involving the freezing of super-cooled droplets in clouds or fog, and finally
precipitation icing resulting from freezing rain, drizzle, wet snow, or dry snow, natural
atmospheric ice is accumulated on insulator surfaces. During ice accretion, due to the
heating effect of partial discharges or ice shedding from the insulators, several parts of the
insulators, especially the areas near the electrodes, may be free of ice. These zones are
referred to as air gaps.
Step 2 Formation of the water film
It has been proven that the presence of a highly conductive water film on an ice surface
is necessary for the occurrence of flashover. This water film can be produced by many
factors, such as wet ice accretion, condensation, heating effect of the leakage current and
partial arcs or, in many cases, by the rise in air temperature or sunshine. The high
conductivity of the water film is caused by the rejection of impurities from the solid part
toward the liquid portion of drops or droplets during solidification and by pollution of the
water and ice surface by the products of corona discharge.
Step 3 Formation of local arcs across the air gaps
Most of the applied voltage drops across the air gaps. If stress along the air gaps is high
enough, several violet arcs will appear across them.
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Step 4 Propagation of local arcs and flashover
If the applied voltage is high enough, a local arc can transform into a white arc and
extend along the ice surface. Finally, when the white arc reaches a certain length, flashover
occurs suddenly.
Fig.2.5 Arc inception and development on an ice-covered insulator
2.4.2 Factors influencing the flashover voltage of ice-covered
insulators
The insulator parameters, the ice characteristics and the atmospheric conditions may
influence the ac flashover voltage of ice-covered insulators.
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2.4.2.1 Influence of insulator type and configuration
The performance of insulators under icing conditions depends not only on different
icing conditions, but also on their shape and the materials of which they are made. One of
the open problems in this area is the design of specialized types of insulators that are "anti-
atmospheric icing".
For the same materials and specifications, the short-space-shed insulators are more
likely to flashover, and alternate sheds tend to show evidence of more satisfactory
performance than uniform sheds [21].
For the same icing conditions for long-rod transmission insulators, the performance of
the composite insulator is superior to IEEE standard insulators [4]. Also Wu et al [60]
reported that the insulating performance of composite insulators, SiR (Silicone Rubber) and
EPDM (Ethylene Propylene Diane Monomers), was superior to that of glass cap-pin
insulator strings.
Under similar conditions, the probability of flashover of large diameter insulators is
higher than the smaller ones, because the amount of ice accretion on an object is
proportional to the surface exposed to super cooled droplets. Consequently, an insulator
with a large diameter will accumulate more ice than a same-length, smaller-diameter
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insulator. In terms of electrical performance, this means that large insulators will lose more
of their leakage resistance than smaller ones [21].
The configuration of insulators has an obvious effect on their flashover voltage. With
horizontal and V-string insulators, the possibility of ice bridging, and consequently
flashover is reduced when compared to vertical insulators [1] [53].
2.4.2.2 Influence of insulator length
The flashover performance of short string of insulators covered with ice was studied by
Farzaneh et al [13], Phan et al [50] and Kannus et al [42] independently. It was found that
the flashover voltage of a short insulator string increased in a more or less linear fashion
with the increase in insulator string length, up to 1 m.
Kawai [43] tested the flashover voltage of both long and short insulator strings covered
with ice. No linear relationship between insulation strength and insulator length was
revealed under mild icing conditions. The flashover voltage for an insulator unit was
considerably lower for a long insulator string of 19 to 25 units than that for a short insulator
string of 5 to 7 units. Due to complexity of the work and laboratory limitations, there is not
any precise reference in the case of long insulators. Therefore, the flashover performance of
ice-covered EHV insulators on a large scale needs further study.
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2.4.2.3 Influence of ice type and density
Atmospheric ice accreted on structures such as insulators is different from that obtained
by freezing of water, e.g., the ice of frozen lakes. Atmospheric ice results from a variety of
conditions, including hoar frost caused by condensation of vapor, in-cloud icing involving
the freezing of super-cooled droplets in clouds or fog, and finally, precipitation icing
resulting from freezing rain, drizzle, wet snow, or dry snow.
Characteristics of ice vary depending on the environmental conditions, such as air
temperature, wind velocity, water droplet size, and liquid water content.
Kuroiwa [45], Imai [40] and Oguchi [49] classified ice into three basic categories: hard
rime; soft rime, and glaze. These types of ice have different appearance and density as
presented in table 2.1.















Eccentric pennants in to wind
Feathery and granular
Phan et al [50] found that for flashover studies there was no noticeable difference
between the results obtained artificially and naturally.
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Two regimes of icing were used by Farzaneh et al [22] for determining the flashover
voltage of ice-covered insulators, i.e. the dry regime and the wet regime. Both hard rime
and soft rime were grown under a dry regime. In this case, all the water droplets impinging
on an insulator surface were completely frozen. There was no runoff water and icicles did
not appear. In contrast, glaze is grown under a wet regime where icicles were formed
around the insulator sheds. This type of ice deposition simulated ice accretion during
freezing rain. The experimental parameters for dry-grown and wet-grown ice are listed in
Table 2.2.






















Different types of ice have different characteristics and different effects on the
insulating strength of insulators. Therefore, a number of studies have been carried out on
the minimum flashover voltage under soft rime, hard rime, and glaze conditions [21] [44]
and it was found that glaze with icicles is defined the most dangerous type of ice for
flashover.
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2.4.2 A Influence of amount of ice
Another parameter that affects the flashover voltage of ice-covered insulators is ice
thickness. Due to non-uniformity of ice and complex geometry, the ice thickness on an
insulator surface is difficult to measure. Therefore, several parameters were used to
characterize the amount of ice on insulators. Some researchers used the ice weight on
insulators to calculate the amount of ice [30] [54]. The withstand voltage of ice-covered
insulators decreased and tended to saturation as the weight of ice increased. Farzaneh et al
[21] [15] used the thickness of wet ice grown on a rotating monitoring cylinder as a
reference parameter to determine the amount of ice. The relationship between this reference
parameter and the ice weight per meter of insulator string, as well as the maximum
withstand stress, Vws/m, for IEEE standard insulators covered with ice, was determined, as
shown in Fig. 2.6. It was found that the Vws/m of insulators decreased with an increase in
ice thickness, up to a 2.5 cm, and then remained constant with further increase in ice
thickness. For different kinds of ice-covered insulators, the critical ice thickness level at
which Vws goes constant was found different. It is 2 cm for anti-fog insulators, 2.5 cm for
IEEE standard and EPDM insulators, and 3.0 cm for post insulators. When the ice thickness
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Fig.2.6 Maximum withstand stress per meter of IEEE insulators
as a function of the ice thickness on the monitoring cylinder and the
corresponding weight of ice on 1 m of insulator string[21]
2.4.2.5 Influence of applied water conductivity
The pollutants in the atmosphere can increase the conductivity of atmospheric ice,
which will consequently increase the leakage current of an ice-covered insulator and cause
a decrease in insulating strength. The effect of applied water conductivity on the withstand
voltage of ice-covered insulators was also studied at CIGELE [21] [22] [15]. The gradient
of the maximum withstand voltage of an insulator decreased with an increase in the applied
water conductivity, up to a value of80^S/cm (Fig. 2.7). After this level of water
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Fig.2.7 Variation of Vws of insulators as a function of applied water
conductivity[13]
The resistivity of the water producing the ice has a significant effect on leakage current,
particularly when it drops from 90 Q.m to 9 Q.m. Under this condition, leakage current
pulses start at the outset of icing and then increase rapidly [42]. The threshold value for the
current of a white arc was observed to be approximately 18 mA during the flashover. When
the leakage current was above this threshold, a white arc occurred on the insulator. The
threshold value was independent of either the type of insulator or the type of ice.
Furthermore, this value for the current of a white arc remained constant during periods of
ice accumulation. Transition from a white arc to a flashover occurred when the leakage
current rose above 120 mA for long-rod porcelain insulators, and 180 mA for a post-type
porcelain insulator. This flashover threshold current was observed to be virtually equal to
the maximum stable white arc [35].
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2.4.3 Modeling of flashover on ice-covered insulators
Flashover on ice-covered insulators is a complex phenomenon. As mentioned above, it
consists of four steps, and the accretion of an ice layer and formation of a water film
generally take a long time. In other hand, laboratory simulation of flashover on ice-covered
insulators requires expensive equipment, including a climate room. Therefore, field and
laboratory studies of this phenomenon are costly and time consuming. Thus, mathematical
modeling may be one of the most attractive ways to estimate the flashover performance of
ice-covered insulators. Up to now, much effort has been put forth at CIGELE, finally
leading to the development of a mathematical model [23] [19].
In the case of ice-covered insulators, there are normally air gaps between the icicles and
H.V electrode, in series with the accumulated ice, which has a relatively high surface
conductivity. As mentioned above, the air gaps are caused by the heating effect of the
discharge activities and ice shedding during accretion. A water film is formed on the ice
surface by melting ice, as a result of a rise in air temperature, sunshine, the heating effects
of corona discharge, and leakage current. This creates a situation similar to that of polluted
insulators, i.e., dry bands in series with a wet pollution layer. Therefore, ice is considered to
be a special type of pollution, and methods similar to those used for polluted insulators
were used in the modeling of flashover on ice-covered insulators [23]. That is, the Obenaus
model, as shown in Fig. 2.8.
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Arc Discharge Resistance of Ice R(x)
HV.
L
Fig.2.8 Model for flashover on ice-covered insulators
The circuit equation for this model is follows:
Vm=Ax Im - n+ ImR(x ) +V e (2.12)
where Vm (V) is the peak value of applied voltage; Ve (V) is the electrode voltage drop of
arc; x (cm) is the arc length; Im (A) is the peak value of leakage current; R(x) (Q) is the
residual resistance of ice layer; and A and n are the arc constants.
For AC arcs, the arc electrode voltage drop, Ve, can be neglected and induced in the voltage
drop along the arc [23], thus:
V m=Ax I m - n+ I mR ( x ) (2.13)
Under AC voltage, the current passes through zero twice in each cycle and,
consequently, the local arc extinguishes and re-ignites twice. Therefore, not only Equation
(2.12) but also the arc re-ignition conditions must be satisfied, which can be expressed as
follows:
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and the critical condition is:
where k and b are the arc re-ignition constants.
Studies have shown that when the insulator is completely covered with ice, the
flashover voltage is lowest [20]. In this case, the ice layer can be simplified as a half
cylinder [61] and the residual resistance can be calculated using the following formula [21]:
(2.16)
4r
where ye (in jus) is the surface conductivity of the ice layer; L and D are the length and
diameter of the insulator string, respectively; d is the thickness of the ice layer; and r is the
arc root radius.
From Equations (2.12) and (2.15), the flashover voltage of ice-covered insulators can be
calculated if all the parameters in Equations (2.12), (2.15), and (2.16) are determined. In
previous work at CIGELE, these parameters were experimentally determined [23].
In order to determine the arc constants A and n, a simple geometry of flat-plane
triangular ice sample was used (Fig. 2.8). This geometry ensures the formation of one
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Fig.2.9 Ice sample used for determining arc parameters [23]
Two test methods were used for static and dynamic arcs, respectively [23]:
1) In the first method, an air gap with a constant width was made. A measuring
electrode was installed at the ice surface at a given position. A voltage was applied
to the HV electrode and raised at a constant rate until flashover occurred. The
applied voltage and the voltage on the measuring electrode, as well as the leakage
current were recorded simultaneously using a data acquisition system. In order to
change the length of arc, a new sample was used and the measuring electrode was
adjusted to a new position corresponding to the desired arc length. In this method,
when the partial arc reached the measuring electrode, it did not stop but extended
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continuously toward another electrode. Therefore, this method is proposed for
measuring dynamic arc characteristics.
2) In the second method, an air gap between 1 and 7 cm wide was made. The
measuring electrode was installed at the base of the air gap and the voltage was
applied and raised until breakdown of the air gap. In this method, a steady arc is
established only along the air gap. Therefore, this method is recommended for
measuring static arc characteristics.
Using these methods, the voltage across the partial arc and the corresponding current was
obtained by analyzing the waveform recorded by the data acquisition system (DAS). The
typical waveforms of applied voltage (Vi), voltage on the measuring electrode (V2), and
leakage current (I), are shown in Fig. 2.9. In each cycle, as Vi increased, V2 increased as
well. When the air gap breakdown occurred (Pi), V2 increased gradually. At the moment
when the arc reached the measuring electrode (P2), V2 dropped suddenly. Due to the
descending V-I arc characteristics, the lowest value of V2 appeared near the maximum
current value. Therefore, it is easy to distinguish the moment when the arc reached the
measuring electrode. Voltage V2, at this moment, corresponds to the voltage across the arc.
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Time
VI : Applied Voltage; V 2: Measuring Electrode Voltage; I: Current
PI : The point at which the air gap is broken down;
P2: The point at which the arc reaches the measuring electrode.
Fig.2.10 Typical waveforms of applied voltage (Vi), voltage on
measuring electrode (V2), and leakage current (I) [23]
The E-I characteristics of the arc can be expressed as follows [23]:
= V /x = AT"n
V a r c / A f*-1 m (2.17)
where Earc (V/cm) is the voltage gradient along the arc; and V ^ is the voltage drop along
the arc.
Using different ice samples, made from water with various conductivities, the peak
values of leakage current and the corresponding VarC were measured. Figure 2.11 shows an









ccc ac x-7 cm
A £ A A a x=1 1 Cm
x= 15cm
0.2 0.4 0.6 0.8
Im (A)





The arc re-ignition condition suggests a fact that, under the peak values of applied voltage Vm and
leakage current Im, the arc can re-ignite to a certain length x. Therefore, the critical relation between Vm and





The relation between ye and the conductivity of water used to form the ice (a
in/us/cm) was also determined as [23]:
Ye=0.0675cr+2.45 (2.22)
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The arc root radius was also measured using a high speed camera and it can be
expressed as a function of leakage current [19]
r = f 0.8757T
(2.23)
All the necessary parameters in Equations (2.12), (2.15), and (2.16) have been
determined. Therefore, this model can be used to predict critical voltage.
It should be mentioned A and n, and the arc re-ignition constant b are approximately
independent from insulator dimensions [23] [16]. Chaarani studied the effects of insulator
dimensions on the flashover performance of ice-covered insulators and reported that the arc
re-ignition constant, k, depends on the insulator parameters [2].
As an application, this model was first applied to a short string of 5 IEEE standard
insulators [61] . For 5 IEEE standard insulator units, the arc distance L and insulator
diameter D are 80.9 cm and 25.4 cm, respectively. Considering the thickness of the ice
layer (d) of 2 cm, the calculated results were obtained, as shown in Fig. 2.12. It can be
observed that there is good concordance between the flashover voltage calculated from the
mathematical model and the experimental results, when the conductivity of water used to
form the ice, a, varies between 20 to 80 uS/cm. When a is very low or very high, there are
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Fig.2.12 Application of the model to 5 IEEE standard insulators [23]
However, due to laboratory limitations, this model could not be applied to insulators
longer than 1 m and therefore needs to be validated for application to long insulators [21]
[12].
2.5 Conclusion
From the above literature review, it was observed that the flashover along an ice-
covered insulator has received a great deal of attention from many researchers. A large
number of studies have been carried out in several laboratories, especially in the research
group CIGELE. The flashover performance of various insulators has been experimentally
estimated in laboratories under icing conditions, and the affecting factors were also
determined. Also, a series of fundamental studies has been done and a mathematical model
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for predicting the flashover voltage of ice-covered insulators was successfully established.
However, due to laboratory limitations, the flashover performance of full-scale EHV
insulator covered with ice is not clearly revealed. As a result, this model was only validated
for short insulators, which limited its use in engineering. Therefore, this Masters' research
project was motivated by this shortcoming, to better understand the performance of long
insulators under severe icing conditions, and improve the mathematical model for
engineering applications.
CHAPTER 3




Experimental Facilities and Test Procedures
3.1 Introduction
In order to achieve the objectives, an experimental study was systematically carried out
in the HV laboratory of CIGELE on the flashover performance of long insulators. For this
purpose, the atmospheric icing conditions were simulated and two test methods for
evaluating the electrical performance of insulators under icing conditions were compared.
This chapter introduces the laboratory facilities of CIGELE and the methods used in this
study.
3.2 Facilities used in this study
3.2.1 Test insulators
As mentioned in the literature review, much research has been done on short insulator
strings. Therefore, this study aims to investigate the flashover performance of long
insulators. For this purpose, a standard (STD) post-type porcelain insulator was selected
(Fig. 3.1). This type of insulator is commonly used in Hydro-Quebec 735 kV substations.
Three units of this type of insulator (full-scale for 735 kV systems) were installed vertically
in a climate room at CIGELE.
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One of major parameters influencing the flashover voltage of ice-covered insulator is
dry-arcing distance. Thus, in order to determine the relationship between the flashover
voltage of ice-covered insulator and its dry-arcing distance, 5 different lengths of dry-
arcing distance, i.e., 1.39, 2.02, 3.07, 3.51, and finally 4.17 m which corresponds the full
scale length for 735 kV systems, were selected for the tests in this study. The desired dry-
arcing distance was obtained by changing the position of the ground electrode (Fig. 3.2).
3.2.2 Climate room
Scientific tests should be repeatable and comparable among researchers. Therefore, the
tests were carried out in a laboratory, which makes it possible to control precisely the
environmental conditions, such as temperature, humidity, ice-thickness, etc. In this study,
all the tests were performed in one of the uniquely designed climate rooms at CIGELE
(Fig. 3.3). This room, with a dimension of 6 m (w) x 6 m (1) x 9 m (h), is designed to study
the performance of full-scale insulators. Its roof is designed to open to atmospheric
conditions and allow exposure to natural precipitation, especially snow. The room is
equipped with a water droplet generator and a cooling system, which makes it possible to
form an ice layer on the surface of insulators.
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Height 1540 mm
Arc distance 1390 mm
Leakage path 3500 mm
Higher part
Interior diam. 154 mm











Fig.3.1 735 kV porcelain station post insulator





Fig.3.2 Dry-arcing distance of ice-covered insulators is determined
by the position of the Ground electrode
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1 Water droplet generator
2 Insulator under testing
3 HV bushing
Fig.3.3 Interior of the climate room
3.2.3 Water droplet generator
The water droplet generator is comprised of a system with 8 oscillating pneumatic
nozzles and wind-producing fans. The type of nozzles is NO.SU12A (Fig. 3.4), and they
are located in front of a diffusing honeycomb panel, designed to make the wind uniform.
The spray angle was set at 45°.
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The water droplet size is an important factor for determining the type of ice, and it
depends on the pressure of the air and water fed in to nozzles. As mentioned above, glaze is
the most dangerous type of ice to the power systems and, for that reason, it was chosen for
this study. In order to produce glaze, the following parameters were used:
- The pressures of 10 psi for air and 80 psi for water were used. Under these
pressures, the mean diameter of water droplet was 80 /u m. The water quantity was
set to 250 cnrVmin. per nozzle.
- Wind velocity is another important factor affecting the type of ice. The wind was
produced by 24 fans in a tapering box behind the nozzles. The fans may be mounted
in a single or double stage arrangement, depending on the wind velocity desired.
The velocity was adjusted by a PID controller in the range between 0 to 15 m/s. In
this study, it was set to 3.3 m/s.
The specific design of the water droplet generator enables to change its position to form








To simulate cold atmospheric conditions, an ammonia cooling system was used. This
system is made up of a 316kJ/min. compressor and computer-controlled regulators, which
allow to v ery rapidly reach air temperatures as low as -30°C ± 0.2°C. The accuracy o f
temperature control is 0.1°C. In order to produce the glaze in this study, the environmental
temperature was adjusted to -12°C during the ice accretion period.
3.2.5 High Voltage System
In order to investigate the electrical performance of HV insulators, a high voltage power
source is necessary. For the tests described herein, the high-voltage system consists of a
350-kV/700-kVA transformer and its associated 700-kVAvoltage regulator (Fig. 3.5). It
was specially designed for flashover tests on insulators under icing conditions, along with
potential for further research under ice and contamination conditions. This system, with its
53
two-tap switch, has a minimum short-circuit current of 10 A at 130 kV, and maximums of
42 A at 240 kV and 32 A at 350 kV, satisfying the requirements of the international
standard for pollution tests [41] . There are 5 different rates of increase for the output
voltage, from 0 to 350 kV, regulated by the control unit.
Fig.3.5 HV transformer with its associated regulator
3.2.6 Data acquisition system
The test data, including the applied voltage and leakage current, were monitored and
recorded by a data acquisition system, which consists of a PC-compatible, high-speed data
acquisition card and commercial software (LABVIEW) (Fig. 3.6). Figure 3.7 shows the
interface programmed in LABVIEW. The results were presented in MS Excel Table
formats for further processing and analysis. Considering the long duration of each
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evaluation test, only the peak values of the leakage current was monitored at 5-second
intervals.
Fig.3.6 Data acquisition system
Fig.3.7 LABVIEW interface designed for data gathering
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3.2.7 Test circuit
The test circuit used in this study is shown in Fig. 3.8. After the ice was accumulated,
the voltage was applied to the top electrode of the insulator. The applied voltage and the
leakage current were measured using a voltage divider and a current shunt, respectively,






As mentioned in Chapter 2, the amount of ice is an important factor influencing the
flashover voltage of ice-covered insulators. The flashover voltage decreases with the
increase in ice amount and tends to saturation when the insulator is completely covered
with ice. In our study, the ice-thickness on a rotating monitoring cylinder was used as a
reference parameter for characterizing the ice amount accumulated on the insulator. The
diameter of this monitoring cylinder is 2.54 cm and it rotates at 1 rpm (Fig. 3.9). An ice-
thickness of 15 mm on the monitoring cylinder is selected for this study, because this is a
critical value of ice thickness to completely cover the windward side of the insulator and
form a half-cylindrical ice layer. The ice thickness was measured at 5 different points on a
monitoring conductor. Then, the average value was used as the ice thickness at this position
of insulator (Fig. 3.10). The monitoring conductor was installed at different positions
respectively, i.e., at the top, middle, and bottom of the insulator, to check the ice layer
uniformity. The overall average value of all positions was then used to represent the





Fig.3.9 Rotating and fixed monitoring cylinders
Fig.3.10 Ice on monitoring conductors
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Fig.3.11 Monitoring conductors installed at different
positions
3.3.2 Evaluating the flashover voltage of ice-covered insulators
According to a systematic investigation program undertaken jointly by Hydro-Quebec
and UQAC in 1989, two test procedures for evaluating the electrical performance of ice-
covered insulators, i.e. the icing regime and the melting regime, were developed at
CIGELE. In this study, the effects of these two methods on the test results were
investigated.
3.3.2.1 Melting regime method
The flashover of ice-covered insulators normally occurs when the ice melts due to an
increase in ambient temperature or sunshine. In order to simulate this situation, a test
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procedure called "melting regime" was developed at CIGELE. This procedure includes 4
basic sequences: ice accretion, curing, melting, and last evaluation of the maximum
withstand voltage (Fig. 3.12).
Ice Accretion Curing Melting
Voltage
-12 °C
Fig.3.12 Sequences of "melting regime" test procedure
Ice accretion sequence
In this sequence, wet-grown ice was built up on the vertically installed insulators,
energized at approximately the equivalent of the service voltage used in Hydro-Quebec
735-kV substations. This type of ice is considered the most dangerous, since it is associated
with the highest probability of flashover [14],
The density of ice accumulated on the insulators was determined by weight and volume
measurements. The volume was obtained by immersing an ice sample in light mineral oil.
The conductivity of the water feeding the nozzles was adjusted to a desired value by adding
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sodium chloride to de-ionized water. The median volume diameter of the super-cooled
droplets impinging on the insulators, at an average angle of about 53° compared to the
vertical axis of the insulators, was measured by exposing a glass slide coated with a
solution of Collargol to the flow of water droplets for a short period [32]. The samples were
then examined under a microscope and the median volume diameter of these droplets was
determined from the average diameter of approximately 1000 droplets. The intensity of the
precipitation was determined from measurements of horizontal and vertical spray
intensities using a pluviometer designed for standard tests [39]. This device is fitted with a
divided collecting vessel, one horizontal and one vertical, the latter facing the spray. Last,
the thickness of ice accumulated on the insulator, as mentioned above, was controlled by
the monitoring cylinder.
Table3-1 summarizes the test parameters during the ice accretion sequence. Once the
desired ice thickness on the monitoring cylinder is reached, 15 mm in this case, the water
spraying system and the voltage applied to the insulator are turned off while the wind
continues to blow at the same velocity of 3.3 m/s, whereupon the curing sequence begins.
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105 kV/m for 30 |aS/cm (service voltage).
80 kV/m for 80 uS/cm
Curing sequence
During this sequence, the temperature in the climatic chamber is maintained at -12°C
and the wind kept blowing at 3.3 m/s for a period of 20 min, to ensure that the liquid water
present on the ice surface, inside the ice, and at the ice/insulator interface, is completely
frozen. At the same time, it ensures a better adherence of the ice on the insulator surface. In
addition, the curing sequence is highly representative of many icing episodes in natural
conditions, where cold periods occur between ice accumulation and subsequent warm-up of
the air temperature.
Once this sequence is completed, the fans and the cooling system are turned off and the
insulators are re-energized at the same service voltage as that of the ice accretion sequence.
This is followed by the melting sequence.
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Melting sequence
The melting sequence consists in raising the climate room temperature from sub-zero
temperatures to a temperature near the melting point. The rate of increase in air temperature
is a particularly important parameter and should be carefully controlled. In general, a low
rate is associated with the worst conditions, since it promotes the formation of a highly
conductive water film at the ice surface, with a relatively long duration [21] [17]. In the
case of a high rate of increase (i.e. much faster than l°C/h), the highly conductive water
film caused by melting quickly drips off, which decreases the ice surface conductivity and
consequently raises the critical flashover voltage. In the present study, the air temperature
in the climate room was increased in 2 steps by combining the opening of the door with an
electrical heating system [11]. In the 1st step, the temperature was raised from -12°C to -
2°C at a rate of about 14°C/h and, in the 2nd step, from -2°C to +2.5°C at a rate of about
3.5°C/h. Even though this rate is higher than l°C/h, it was considered severe enough for the
purpose of the present study.
Evaluating sequence
This sequence consists in determining the maximum withstand voltage (Vws) of the
insulators under a given ice thickness during the melting period, based on the method
described in IEC 60507 [41], established for evaluating the electrical performance of
polluted insulators, and on the processes developed in previous work [21] [3]. The moment
at which the voltage should be applied to the insulator is of great importance and should
correspond to the critical moment when the probability of flashover is highest. This critical
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moment typically coincides with the development of a water film at the ice surface. The
brightness of the ice surface, the presence of water droplets at the tip of the icicles, and/or
the steady increase in peak values of leakage current, over 15 mA, are all indications that
the critical moment has been reached. Each flashover test was performed for one instance
of ice accumulation on the insulators. The maximum withstand voltage, Vws, was
considered the maximum level of applied voltage at which flashover did not occur for a
minimum of 3 tests out of 4, under similar experimental conditions. For each withstand test,
the insulators were kept at the test voltage for a period of at least 15 min, to ensure that no
flashover occurred during this period. The minimum flashover voltage, VMF, corresponds to
a voltage level ~5 % higher than Vw s at which 2 flashovers out of a maximum of 4 tests
were produced.
3.3.2.2 Icing regime method
The "melting regime" method is time consuming, as each test took about 5-7 hours.
Also, judging the formation of water film is difficult and more or less subjective. For this
reason, another test procedure, "icing regime", was also developed at CIGELE, for
evaluating the electrical performance of ice-covered insulators.
The test sequence for the procedure "icing regime" is presented schematically in
Fig. 3.13. This procedure requires only two sequences, i.e., ice accretion and evaluation of
the maximum withstand voltage. The ice accretion sequence is the same as that for the
"melting regime". Once the ice accretion sequence is completed, i.e., when an ice thickness
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of 15 mm on the monitoring cylinder was obtained, the voltage applied to insulator, Vo,
was turned off. Then, the icing process was stopped and the insulator was photographed
and prepared for f lashover tests. This period, Ato, took less than two minutes. After this
short period, while a water film was still present on the ice surface, the voltage was
immediately applied to the insulators and raised to an estimated test value, VE. Thus, the
evaluating sequence started and the maximum withstand voltage, Vws, and the minimum
flashover voltage, VMF, were determined. In this procedure, every test took less than 2
hours.
















Experimental Results and Discussions
4.1 Introduction
Using the facilities and test procedures as described in Chapter 3, series of flashover
tests were carried out. This chapter presents the experimental results obtained. First, the
flashover process was observed carefully and is discussed. Then, the effects of
experimental methods on the evaluated results are investigated and compared. Finally, the
flashover performance of EHV standard porcelain post insulators was tested and the
relationship between the minimum flashover voltage and the insulator dry arcing distance
was determined.
4.2 Observation of flashover on EHV ice-covered insulators
As mentioned above, when the ice thickness on the monitoring conductor reaches 15
mm, the icicles will bridge all the insulator sheds and an approximate half cylindrical ice
layer is formed on insulator surface. This process takes about 70 min, and the ice
accumulation process was photographed every 15 min. The following pictures show a
typical accumulation of ice on a 2 m-long insulator.
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(a) After 15 min (b) After 30 min (c) After 45 min
(d) After 60 min (e) At the end of accumulation (70 min)
Fig. 4.1 Accumulation of ice layer on insulator surface
It can be observed that, after 30 min, the insulator sheds started to become bridged. Due
to the larger space between the metallic electrode and the first or last shed of the top
insulator, these spaces were not bridged and the partial discharge started at these areas, due
to the applied voltage. These discharge activities cause the formation of air gaps. At the end
of the accumulation period, the insulator side facing the wind was completely covered with
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the ice, except for two major air-gaps: one at HV electrode and another between the last
shed of the top electrode and metallic part. The divergent icicles were accumulated on the
top metallic part of the top insulator. The top metallic parts of the second and third
insulators were bridged completely by the ice.
After a short period of preparation (less than 2 min), the voltage was applied again and
it was increased at a constant rate to the estimated flashover voltage. As the voltage
increased, visible discharges were formed along the top air gap for a certain time, and then
the visible discharges changed to a stable white arc across this air gap. Due to the low
resistance of the arcs and the water film on the ice surface, most of the voltage drops across
the second air gap. Consequently, a second white arc was formed along the second air gap,
as shown in Fig.4.2.
Fig.4.2 Two arcs along the air gaps
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Depending on the voltage applied, the top white arc may become elongated (Fig.
4.3). If the applied voltage is not sufficient for flashover, after certain time the white arc
will extinguish due to the melting and shedding of the ice. If the voltage is high enough, the
arcs will meet and flashover will occur.
Fig. 4.3 Propagation of arcs on ice surface
4.3 Comparison of evaluating methods
As mentioned in the previous chapter, two methods were developed at CIGELE for
evaluating the flashover performance of ice-covered insulators, i.e., the icing regime and
the melting regime. In order to compare the effects of two test methods on the flashover
performance of ice-covered insulators, using the same insulator and under the same
experimental conditions, the maximum withstand voltage was determined.
Bibliothèque UQAC
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The applied water conductivity w as s et at 3 0 u.S/cm. A portion o f the standard
station post insulator, with a dry arcing distance of 2.02 m, was tested with 15 mm of wet-
grown ice. Under such icing conditions, the shed spaces are completely bridged with icicles
and the leakage distance is dramatically decreased near to the dry arcing distance. The
results are shown in Fig. 4.4.
It can be observed that, for the melting regime, the maximum withstand voltage (Vws)
is 195 kVrms. La Comparison to the service voltage of the insulator (—210 kVrms), Vws is
equal to 0.93 p.u, indicating that the maximum withstand voltage of the insulators under the
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(a) Melting regime (b) Icing regime
Fig.4.4 Test results obtained on the STD post insulator covered with
15 mm of ice and with an arcing distance of 2.02 m
For the icing regime, the maximum withstand voltage (Vws) *s 190kVrms. In
comparison to the results in the "melting regime" procedure, the difference between them is
less than 3 %.The similar results have been reported for lm ice-covered insulators[8],
Therefore, the Vws for theses two procedures can be considered as the same. Both the
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melting and icing regime methods are developed for evaluating the flashover
performance of ice-covered insulators in laboratories.
However, it should be mentioned that it is important to keep the water film on the ice
surface when the evaluating sequence starts in the "icing regime" method. Otherwise, if the
water film is completely frozen when the evaluating sequence starts, the Vws would
obviously increase. Therefore, the preparation period should be short enough to satisfy this
condition. In this study, this period was kept shorter than 2 minutes.
4.4 Experimental results
In order to save time, the icing regime method was selected to investigate the flashover
performance of EHV insulators covered with ice, and to determine the relationship between
the maximum withstand voltage, VWs, and the dry arcing distance of insulators.
Two different water conductivities were used to form the ice, i.e. 30 uS/cm and 80
uS/cm (at 20°C). The former was selected because the conductivity of natural atmospheric
ice in Quebec was found to be around this value. However, due to the limited transformer
output voltage, only three dry arcing distances, i.e. 1.39, 2.02 and 3.07m, were tested. In
order to investigate the variation of flashover voltage with insulator length, up to the full
scale of insulators, the water conductivity was increased to 80 uS/cm. At this conductivity
level, 5 dry arcing distances, i.e., 1.39, 2.02, 3.07, 3.51 and 4.17 m, were tested. The last
one corresponds to full scale insulators, as typically used in Hydro-Quebec 735 kV
systems.
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The water conductivity was adjusted by adding NaCl to the de-ionized water and
then measured and calibrated to the value at 20 °C.
Table 4.1 and Fig. 4.5 show the results obtained at 30 uS/cm water conductivity.












































































Dry arcing distance (m)
Fig.4.5 Vws as a function of dry arcing distance (a = 30 juS/cm)
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It may be noted that Vws increases with the increase in insulator dry arcing distance.
However, the withstand stress slightly decreases with an increase in insulator dry arcing
distance, which suggests that the maximum withstand flashover voltage increases slightly
non-linearly with the increase in insulator dry arcing distance.
Table 4.2 and Fig. 4.6 show the results obtained at 80 u-S/cm water conductivity, which
corresponds to that of tap water in Quebec.
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Dry arcing distance (m)
4.17
Fig.4.6 VWs as a function of dry arcing distance (a=80 jiS/cm)
As was the case for 30|aS/cm, the Vws increased with an increase in the dry arcing
distance, while the withstand stress decreased slightly. This decrease in stress may be
related to different breakdown theories for short and long-distances. For short distances (i.e.
less than lm), the breakdown can be described by the streamer theory, but for long
distances, it can be described by the leader theory. The leader theory explains the
breakdown of long air gap as follows [28]: as the streamer extends, large number of
charged particles flows to the electrode through the steamer channel. At the root of the
streamer, the density of ions is so high as to result in the thermal ionization, and the leader
is formed here. The conductivity of the leader is very high and it functions like an extension
of the electrode. Therefore, the electric field strength will increase, which results in the
decrease in breakdown voltage of long air gaps and the consequent non-linearity of
breakdown voltage of air gap as its length. The flashover of long insulators covered with
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ice is caused by leader discharge and may be explained by this theory. Therefore, the
withstand stress decreases with an increase in the dry arcing distance.
4.5 Conclusions
Using a post type insulator, a series of tests was carried out at the HV laboratory of
CIGELE, to investigate the electrical performance of an EHV insulator covered with ice.
The maximum withstand voltage (Vws) was measured using the icing and melting regimes.
The results show that both test procedures are valid for evaluating the electrical
performance of insulators under icing conditions. Using the icing regime method, the
relationship between the maximum withstand voltage of ice-covered insulator and its dry
arcing distance was determined. It was found that the Vws increases in a slightly non-linear
manner with an increase in insulator dry-arcing distance.
CHAPTER 5




Modeling of Flashover on Ice-Covered EHV
Insulators
5.1 Introduction
The field investigation and the laboratory studies for determining the flashover
performance ice-covered insulators are generally costly and time consuming. Therefore, the
mathematical model is probably one of the most interesting ways of estimating the critical
flashover voltage of ice-covered insulators. As mentioned in Chapter 2, a mathematic
model (Equations (2.12), (2.15) and (2.16)) has been developed at CIGELE for this
purpose, and was successfully applied to short insulator strings covered with ice.
However, when this model is applied to an insulator string longer than 1 m, the error
between the results calculated from the model and those obtained in laboratory increases
markedly. The comparison between the calculated results and the experimental results for
the applied water conductivities of 30 and 80 //S/cm is shown in Tables 5.1 and 5.2, as
well as Figs. 5.1 and 5.2, respectively. It should be noted that experimental results present
the minimum flashover voltage (VMF) of ice-covered insulators, while the calculated results
give their critical flashover voltage (Vc). However, these two voltages are comparable,
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since the difference between them is less than 2% for ice-covered insulators under AC
conditions. It may be observed that average error is 14 %, and the maximum error is more
than 19 %, which is not acceptable for engineering use. Therefore, this model needs to be
improved for application to EHV insulators.



















































































































Fig.5.2 Comparison between the experimental and calculated results
(a = 30fiS/cm)
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5.2 Improvement of the existing model
One of the important factors that influence the calculated minimum flashover voltage is
the residual resistance of the ice layer. This resistance is influenced by the current
distribution [58]. In the existing model, the flashover was considered as one local arc in
series with the residual ice layer and, therefore, the residual resistance was calculated by
Equation (2.16). In fact, from the flashover tests in this study, it was observed that, for
insulators longer than 1 m, there usually were two arcs during flashover process: one near
the HV electrode and another at lower part of the insulator (Fig. 5.3). If the applied voltage
is high enough, these two major arcs will elongate, and finally meet to complete the
flashover.
Fig.5.3 Two arcs on insulator
Therefore, the flashover on ice-covered insulators longer than 1 m should be modeled
by double arcs in series with the residual ice layer (Fig. 5.4).
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Fig.5.4 Double arcs model
In this case, the calculation of residual resistance should consider the current
concentration at two arc roots. In fact, the model can be equivalently split into two parts, as







where Li + L2 = L; x = xi + x2 is the total length of the local arc. From Equation (2.16), the
















D + 2d 4r
(5.4)
where ye (in |j.S) is the surface conductivity of the ice layer; L and D (both in cm) are the
length and diameter of the insulator, respectively; d (in cm) is the thickness of the ice layer;
and r (in cm) is the arc root radius.
Therefore, the equation for this circuit model can be expressed as follows:
Vm=Axir+ImR(x) (5.5)
where x = Xi + X2 (in cm) is the total length of the two arcs; Vm (in V) and Im (in A) are the
peak values of applied voltage and leakage current, respectively; A & n are the arc
constants; and R(x) (in Q), is the electrical resistance of the part of the ice not bridged by
the arcs.
Also, under AC conditions, in order to maintain an arc propagating on a dielectric
surface, not only Equation (5.5) but also the arc re-ignition conditions, which can be
expressed by Equation (2.15), must also be satisfied. The arc re-ignition condition
represents that, under applied voltage Vm and the current Im, the arc can reach length x after
its previous extinction.
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From Figs.5.1 and 5.2, it can be observed that all the experimental points are above the
calculated results. The arc constants A and n , as well as the arc re-ignition constant b, are
independent from insulator dimensions, while the arc re-ignition constant 'k' is affected by
the insulator parameters, such as insulator diameter [3]. On the other hand, in the existing
model the value of k and b were determined using a small triangular ice sample, and were
not validated with long insulators. Therefore, the difference between the experimental
results and those calculated from the existing model suggested that the arc reignition
constant 'k' in Equation (2.15) should be increased. Based on the experimental results of
this study, it was found that the value of k should be modified to:
k = 1,300 (5.6)
for the insulators tested. Thus, the mathematical model, i.e., Equations (2.15), (5.4), and
(5.5) can be used to predict the critical flashover voltage of EHV insulators under icing
conditions.
These equations are complex and have no analytic solution. A numerical method was
used to solve it, and the MATLAB program was developed for this purpose. Figure 5.6
shows the interface of the program. In this program, by entering the input parameters such
as the applied water conductivity, the diameter and length of the insulator, as well as the ice
thickness, the critical flashover voltage of this insulator under icing conditions can be
calculated and displayed on the interface. Meanwhile, the critical leakage current and the
critical arc length can also be calculated.
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Fig.5.6 The interface of improved model
5.3 Validation of the improved model
The model was validated by the experimental results obtained with standard porcelain
post insulators for two different conductivities, 80 and 30 JJ, S/cm. In the calculation, the
ice thickness was set to 15 mm. Tables 5.3 and 5.4, as well as Figs. 5.7 and 5.8, show the
experimental results and the calculated results for conductivities of SO and 30 j« S/cm
respectively. It may be noted that there is good concordance, in view of engineering
applications, between the experimental results and those calculated from the improved
model. The maximum error is -6.7 %.
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Table5.3 Comparison of experimental results and those from the
improved model
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Fig.5.7 Experimental results and those calculated from the improved
model (CT = 80//S/cm)
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Table5.4 Comparison of experimental results and those from the
improved model
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Fig.5.8 Experimental results and those calculated from the improved
model (cr = 30// S/cm)
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5.4 Application of the model
As an application, the improved model was used to calculate the critical flashover
voitage (Vc) of ice-covered insulators with different parameters, in order to study the
effects of these parameters on Vc.
5.4.1 Effect of insulator diameter on V c
The Vc was calculated as a function of insulator diameter, for a 15 mm ice thickness,
2.02 m dry arcing distance, and 80 (iS/cm applied water conductivity. As shown in Fig, 5.9,
the minimum flashover voltage decreases as insulator diameter increases. However, the rate
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Fig.5.9 Vc as a function of insulator diameter
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5.4.2 Effect of conductivity on Vc
The effect of applied water conductivity was investigated using the improved model.
For the parameters of 15 mm ice thickness, 26.2 cm insulator diameter, and 2.02 m dry
arcing distance, the VMF was calculated and is shown in Fig. 5.10. It can be observed that
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Fig.5.10 Effect of freezing water conductivity on
5.4.3 Critical arc length and critical leakage current







Substituting Im in Equation (5.5) with Equation (5.8), the following can be obtained:
V V
(5.9)
Equation (5.9) presents a relationship between the peak value of applied voltage, Vm,
and the length of arc, x. When the constants A, n, k, and b are determined, Vm will be
uniquely determined by x. As x increases from 0 to the length of insulator (L), the Vm will
appear a maximum value (Vc) at a critical value of arc length (xc) (See Fig. 5.6).
Correspondingly, the leakage current is the critical current Ic. When the arc length, x, is less
than xc, the arc is stable, and longer arc lengths require higher applied voltages. When x is
longer than xc, longer arc lengths require lower voltages, which means that the arc is
unstable and will extend rapidly until flashover. In the case of uniformly polluted
insulators, and neglecting the current concentration at arc root, the percentage of the critical
arc length is , which is independent from the insulator length L [52].
n + \
In this case, the current concentration at arc root was considered and the critical arc
length was calculated, as shown in Fig. 5.11. It may be observed that the percentage of
critical arc length depends on the dry arcing distance of the insulator; it decreases with an
increase in dry arc length for both conductivities of 30 and 80 (j,S/cm.
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Fig.5.11 Critical arc length as a function of dry arcing distance
The corresponding leakage current at the critical arc length was also calculated. The
results are listed in Table 5.5. It can be noted that the critical current is almost independent
from the dry arcing distance; it increases only with an increase in applied water
conductivity. These results are in agreement with those obtained by Hampton in the case of
polluted insulators [34],
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Finally, the improved model is helpful for understanding the mechanism of flashover
phenomenon on long lengths ice-covered insulators, and a powerful tool for the design of







Using a standard post type insulator, a series of flashover tests were carried out to
examine the flashover performance of EHV insulators covered with ice. An improved
mathematical model was proposed for predicting the critical flashover voltage of ice-
covered insulators. On the basis of the experimental results and their analysis the following
conclusions may be drawn:
1). The atmospheric ice accreted on an insulator surface will markedly decrease their
insulating strength. Due to the partial discharge activity during ice accumulation,
there are usually two air gaps were formed along the EHV insulators, in series with
the ice layer. Under applied voltage, two arcs were established along these two air
gaps. Under certain condition, these two arcs propagated on the ice surface, and
finally met, resulting in complete flashover.
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2). The difference between the results obtained in "melting regime" and "icing regime"
methods is less than 3 %. Therefore, Vws for theses two procedures can be
considered to be the same, and both the melting and icing regime methods can be
used for evaluating the flashover performance of ice-covered insulators in
laboratories. For the melting regime, the maximum withstand voltage (Vws) is 195
kVnns for an applied water conductivity of 30 uS/cm and an ice thickness of 15 mm,
measured on a rotating monitoring cylinder. In comparison to the service voltage of
the insulator (-210 kVrms), the maximum withstand voltage of the insulators under
the test conditions is 7 % lower than the service voltage, which suggests that
flashover may occur at service voltage under the test conditions.
3). Vws increases with an increase in insulator dry arcing distance. The withstand stress
slightly decreases as the dry arcing distance increases, which suggests that the
maximum withstand voltage increases slightly non-linearly with the increase in
insulator dry arcing distance.
4). Based on the experimental results, an improved mathematical model for predicting
the minimum flashover voltage of ice-covered EHV insulators was proposed, using
a two-arc model and adjusted the value of arc reignite constant k to 1,300. There is
good concordance between the flashover voltage calculated from the improved
mathematical model and those obtained from experiments. As an application, this
model was used to study the effects of some parameters on the minimum flashover
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voltage of ice-covered insulators: i) the minimum flashover voltage decreases with
an increase in insulator diameter. However, the rate of decrease of flashover voltage
decreases with the increase in diameter, ii) VMF decreases with an increase in
applied water conductivity.
5). The percentage of critical arc length depends on the dry arcing distance of the
insulator. It decreases with an increase in dry arc length for both applied water
conductivities of 30 and 80 uS/cm. The corresponding critical current is almost
independent from dry arcing distance; it increases only with the increase in the
applied water conductivity.
6). The improved model is helpful for better understanding the flashover phenomenon
on ice-covered insulators, and a powerful tool for the design of outdoor insulators in
cold climate regions. More studies are needed to extend the present model to more
general applications, for example, to predict the flashover performance of pre-
contaminated insulators under ice and/or snow condition.
6.2 Recommendations
In this Master's study, a mathematical model for predicting the critical flashover
voltage of long ice-covered insulators was established. However, due to time limitations,
the mathematical model was validated only for STD porcelain post type insulators. In order
to apply this model to engineering use, further studies are needed.
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1). Since this model is validated only by the experimental results from STD porcelain
post type insulators, more tests are needed for other types of insulators, for example
suspension insulators, to validate the model, and to study the effects of insulator
parameter on the model.
2). Because glaze is considered as the most dangerous type of ice to power systems,
this model was established for predicting the critical flashover voltage of insulators
completely covered with this type of ice. However, in order to advance our
knowledge, snow and other types of ice, such as soft and hard rime, and particularly
ice on pre-contaminated surfaces, should also be studied. Then, the model can be
improved again and extended to these situations.
3). Light ice layers, which do not bridge insulator sheds, as well as insulators with
booster sheds, should be studied further. In both cases, several air gaps can appear
on the ice surface and, therefore, the multi-arc model should be considered.
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